Abstract The magnetic field of the umbrae is sometimes found to be saturated in the magnetograms taken by the Michelson Doppler Imager (MDI) onboard the Solar and Heliospheric Observatory (SOHO). It is suggested that the combination of the low intensity of sunspot umbrae and the limitation of the 15-bit onboard numerical data acquisition leads to this saturation. In this paper, we propose to use the MDI's intensity data to correct this saturation. This method is based on the well-established relationship between the continuum intensity and the magnetic field (the so-called I-B relationship). A comparison between the corrected magnetic field and the data taken by the Stokes-Polarimeter of the Solar Optical Telescope (SOT/SP) onboard Hinode shows a reasonable agreement, suggesting that this correction is effective.
INTRODUCTION
The primary observable of the Michelson Doppler Imager (MDI), Doppler velocity, is derived from four filtergrams, F1-4, taken at four wavelengths equally spaced by 75 mÅ across the Ni I spectral line at 6768Å (Scherrer et al. 1995) . These four filtergrams are used to compute a ratio of differences of the intensities, and then this ratio is calibrated by an onboard lookup table to yield the Doppler velocity. A line-of-sight magnetogram is determined using the difference between two Dopplergrams from the left and right circular polarizations. All the processing is done onboard. The final products are transmitted to the ground, while the original filtergrams are discarded unless they are part of some special observational campaign programs.
It is sometimes observed that the magnetic field in the umbrae is saturated in the magnetograms. It has been shown that the low intensity of sunspot umbrae and the limitation of the 15-bit onboard numerical treatment lead to this saturation (Liu et al. 2007 ). Thus, the reason causing this saturation is different from the general saturation. Hereafter, we call it the MDI-saturation in order to avoid any confusion. Although it is impossible to re-do the data processing to overcome this problem because, in most cases, the original filtergrams are not transmitted to the ground, it may still be worthwhile to explore other possibilities to correct the MDI-saturation. As the intensity data do not suffer such saturation, it may be possible to use these data for the correction from the wellestablished relationship between the continuum intensity and the magnetic field (I-B relationship) (see e.g. Gurman & House 1981; Kopp & Rabin 1992; Martínez Pillet & Vásquez 1993) . Martínez Pillet & Vásquez (1993) , in an analysis of eight sunspots, found no discrepancies between the I-B distributions of different sunspots. This is the basis that we use to build up our empirical model for the MDI-saturation correction. The methodology we take is to use the non-saturation data from MDI observations to establish an empirical I-B relationship. This relation is used later for the MDIsaturation correction.
The paper is organized as follows. In Section 2, we describe how to establish the empirical model. We present an example for MDI-saturation correction in Section 3. Also shown in that section is a comparison between the corrected data and the magnetic field data taken by the SOT/SP (Tsuneta et al. 2008) onboard Hinode (Kosugi et al. 2007 ). We summarize the results in Section 4.
I-B EMPIRICAL RELATION FOR MDI DATA
From MDI intensity images and magnetograms, we first select the sunspot umbrae data that do not show the MDI-saturation. To avoid the complex configuration of the magnetic field and projection effects, the selected active regions have well-defined bipolar structures, and are also near the Sun's disk center. We then use these data to derive the parameters of the I-B empirical relation, log(B) = a + b × log(I/I 0 ), where B is the magnetic field, I is intensity, I 0 is the intensity in the quiet Sun, and a and b are constants to be determined from the data. Stray light is corrected using an algorithm developed by Mathew et al. (2007) . To avoid the effect of aging in the instrumentation, we calculate the parameters a and b for each year during the solar maximum and for a couple of years during the solar minimum. Figure 1 is an example showing how to determine the parameters. The data used are from 15 non-saturated umbrae taken from 1996 to 1999. The magnetic field and intensity are both calculated using the logarithm. The parameters a and b in the empirical model are derived by fitting a linear function to the data, as shown with the solid line in Figure 1 . They are 3.1 and -0.429, respectively. This empirical model is thus used to correct the MDI-saturation in the MDI magnetograms taken in 1996-1999 using the simultaneous intensity data. Here, we also want to point out that this correction is not very accurate. We can see a little bit of scattering in Figure 1 , which is implied by a low Pearson correlation coefficient of -0.52. The parameters for other periods are listed in Table 1 . 
CORRECTION FOR THE MDI-SATURATION
We use the I-B empirical relation established in the previous section to correct the MDI magnetic field saturation.
Identifying the MDI-saturation Areas
First, we need to identify the MDI-saturation areas. We can identify those areas from the intensity images by defining a threshold value under which an MDI-saturation occurs. This threshold value can be roughly estimated by simulating the MDI observation. The simulation was done using artificial line profiles with different intensity levels. The line profiles are Gaussian profiles. The line depth is 58% and the Full Width Half Maximum (FWHM) is 130 mÅ. We plot in Figure 2 the true velocity versus the measured velocity. It is seen that the MDI-saturation occurs when the intensity drops to 700. It worsens as the intensity further declines. Since an MDI magnetogram is obtained from the difference between two velocity fields measured by the left and right circular polarizations, saturation of velocity field measurements will lead to saturation in the magnetograms. The MDI intensity I c is computed by
where,
If we take I 1−4 =700 and the difference of intensities is 96 (Liu et al. 2007) , I c turns out to be 2.2 × 10 3 . This is the threshold value of intensity for the MDI-saturation. We have applied this value to the MDI intensity data. Shown in Figure 3 is an example for identifying the MDI-saturation areas for the active region AR8806 from 1999 December 20 to 22 (from the top to the bottom), when the region moved from 25 degrees east on December 20 to the central meridian on December 22. This active region was also analyzed in our 2007 paper (Liu et al. 2007 ). In the left panels are the original magnetograms. The identified MDI-saturation areas are marked by the black masks on the right. We can see that the MDI-saturation areas in the magnetograms are well identified.
MDI-saturation Correction
We apply this algorithm to an active region AR10822 which shows obvious MDI-saturation in its umbra. The magnetogram was taken at 17:36 UT of 2005 November 18 when the active region was near the Sun's disk center. The original and corrected magnetograms are shown in the left and middle panels of Figure 4 . The fields along the white lines are plotted in the right panel. The dotted and solid curves represent the fields from the original and corrected data, respectively. The solid curve appears fairly smooth, implying that this correction is fairly effective. Surface plots of the original and corrected magnetograms are also shown in Figure 5 . To better display the MDI-saturation area, we multiply -1 to the data so that the field in the MDI-saturation area becomes positive.
Not every MDI magnetogram can be corrected for the MDI-saturation using this method. For a routine observational program, MDI takes 15 magnetograms, but it just takes 3 intensitygrams each day. To correct the MDI-saturation, we need both the intensitygram and magnetogram to be taken at almost the same time. Thus the maximum number of corrected magnetograms is three per day. The I-B relationship is established here based on well-defined dipole active regions. The sunspots are mature. Thus this correction may not be suitable to apply to fast evolving sunspots, such as emerging spots. It is planned to carry out a further study to investigate under what condition(s) this correction can be applied. The result will be shown in another paper.
Comparison between Corrected Data and Hinode Data
As a test, we compare the corrected MDI magnetograms with the magnetic field data taken by the SOT/SP of Hinode. The data used here are the line-of-sight magnetic fields of the active region AR10930 from 2006 December 11 to 14. The SP magnetic field data have been degraded to the MDI resolution of 2 arcsec by a convolved 2-D Gaussian function. The width of this Gaussian function is 2 arcsec. Shown in Figure 6 are the degraded SP magnetogram (left panel), the cutoff of the MDI full disk magnetogram (middle panel), and the cutoff with the MDI-saturation corrected (right panel). The SP data were taken at 13:50:03 UT of December 11 (Actually, it was the start time of the measurement. It took about 109 minutes to finish scanning the whole region.), while the MDI magnetogram was taken at 16:00 UT. The region was near the disk center (W01S03). We did not correct the effect of solar rotation. The alignment between these data was done by applying a cross correlation method developed by Fisher & Welsch (2008) to the data. Shown in Figure 7 are the scatter plots between the SP magnetic field (y-axis) versus the original MDI magnetogram (x-axis) (left), and the corrected MDI magnetogram (right). We can see that the field in the MDI magnetogram becomes saturated when the field exceeds 2000 G (left). This saturation has been corrected fairly well, as shown in the right panel; there is a smooth transition from the unsaturated region (weak field) to the corrected region (strong field). The slope of a linear function that fits the data (solid line) is 1.014, implying that the magnetic flux density measured by the MDI is very close to Hinode's measurement. A bigger discrepancy can be seen in the very strong negative field (less than -3000 G). It may be due to imperfections in the stray light correction: the stray light strongly contaminates the darkest areas in the umbrae. The intensity there becomes much higher than it should be.
In Figure 8 , we also plot the Hinode magnetic field data versus the MDI magnetic field data for this active region for the other days when it moved to the west limb. The plots in the first three columns are for the data from December 12, 13 and 14, respectively. The locations of the active region on those days are W16S07, W27S07, and W40S07, and the time differences between the Hinode data and the MDI data are 6.5, 7.0 and 3.6 h, respectively. The last column is for all the data from December 11 to 14. The panels in the top row are for the original MDI data, while in the bottom Fig. 7 but for the magnetograms, from left to right, taken on December 12, 13 and 14, respectively. The right panels show all the data from December 11 to 14. The scatter plots between the Hinode data and the original MDI magnetograms are shown in the upper panels, while in the bottom panels are the data from the Hinode magnetograms and the MDI magnetograms with the MDI-saturation corrected. A linear fitting is done for the Hinode data and the MDI corrected data, which is shown with the solid lines in the bottom panels. The location of the active region was W16S07 on December 12, W27S07 on December 13, and W40S07 on December 14. The time differences between the Hinode data and the MDI magnetograms are 6.5, 7.0 and 3.6 h, respectively. row are those for the corrected MDI data. A linear fitting is done based on the Hinode data and the corrected MDI data, which is shown in the bottom panels with the solid lines. The slopes of these fitting lines are consistent and independent of the center-to-limb position of the region. This agrees with the result found by Wang et al. (2009) , though the slope in their study is smaller than what we obtain here.
We notice the significant scattering for the positive magnetic flux density for the December 12 data (left panels in Fig. 8 ). This discrepancy is probably caused by the dramatic evolution of this region on that day: quickly emerging and fast spinning seen in the positive field patch on December 12 (see, e.g., Zhang et al. 2007; Schrijver et al. 2008) . These evolutionary behaviors lead to significant differences and mis-alignments between the magnetograms taken by the instruments at the instants which were 6.5 h apart. We also notice the big offset of the zero flux between these two data sets, and the offset appears to decrease with the increase of the center-to-limb angle. This might suggest that the solar rotation signal leaks to either of the magnetic field measurements. Evolution of the magnetic field in the active region might be an alternative interpretation because the compared data were taken at different times. It needs further investigation.
CONCLUSIONS
In this study, we propose an algorithm to correct the MDI magnetic field saturation sometimes seen in the umbrae in MDI magnetograms. This method, on the basis of the well-established I-B empirical relation, makes use of the MDI intensity for the MDI-saturation correction. We demonstrate here with an example how to use the MDI intensity data to identify the MDI-saturation areas and to correct the saturation. Finally, we present a comparison between the magnetic fields from the SOT/SP measurement and the corrected MDI magnetograms. The magnetic flux density measured from the MDI and corrected by the MDI intensity data is consistent with the SOT/SP measurement, indicating that the magnetic field result in the MDI magnetograms is reliable and this MDI-saturation correction algorithm is effective.
